In systemically infected tissues of Nicotiana benthamiana, alfalfa mosaic virus (AMV) coat protein (CP) and movement protein (MP) are detected in plasmodesmata in a layer of three to four cells at the progressing front of infection. Besides the presence of these viral proteins, the plasmodesmata are structurally modified in that the desmotubule is absent and the diameter has increased drastically (almost twofold) when compared to plasmodesmata in uninfected cells or cells in which AMV infection had been fully established. Previously reported observations on virion-containing tubule formation at the surface of AMV-infected protoplasts suggest that AMV employs a tubule-guided mechanism for intercellular movement. Although CP and MP localization to plasmodesmata is consistent with such a mechanism, no tubules were found in plasmodesmata of AMV-infected tissues. The significance of these observations is discussed.
INTRODUCTION
Systemic spread of plant viruses is achieved by movement of an infectious complex from cell to cell through plasmodesmata, followed by long-distance transport through the vascular system. It has been established that plant viruses employ different mechanisms for movement of virions or viral RNA through plasmodesmata. A common characteristic of each mechanism employed is the inevitable modification of plasmodesmal gating or even drastic alteration of the plasmodesmal structures, which is established by one or more viral proteins, to enable such translocation (for recent reviews see Lucas and Gilbertson, 1994; Carrington et al., 1996) .
The mechanism of cell±cell movement of alfalfa mosaic virus (AMV), a member of the Bromoviridae, is still not understood, although it has been established that the P3 movement protein (MP) (Van der Vossen et al., 1995) and the coat protein (CP) (Van der Kuyl et al., 1991; Van der Vossen et al., 1994) of AMV are essential for virus movement. The MP of AMV has a RNA-binding capacity (Schoumacher et al., 1992 (Schoumacher et al., , 1994 and is transiently present in infected cells, localizing to the middle lamella of plant cell walls of parenchymal and epidermal cells at the front of infection (Godefroy-Colburn et al., 1986; Stussi-Garaud et al., 1987) . In AMV MP-expressing transgenic plants a slight increase in plasmodesmal macromolecular gating has been recorded (Poirson et al., 1993) . In the infection cycle of AMV the CP apparently has several functions. Besides encapsidation of the viral genome into quasi-isometric and bacilliform virions, the protein is also required for genome activation and RNA replication Jaspers, 1985; Quadt et al., 1991) . The way CP functions in cell-to-cell movement is not yet known. Recently, Kasteel et al. (1997) reported the formation of virion-containing tubular structures at the surface of AMV-infected cowpea (Vigna unguiculata) and Nicotiana benthamiana protoplasts. These findings suggest a mechanism of tubule-guided movement of AMV virions through modified plasmodesmata, as has been described for several other plant viruses like comovirus (Van Lent et al., 1990a) , caulimovirus (Linstead et al., 1988) , nepovirus (Ritzenthaler et al., 1995) , tospovirus (Storms et al., 1995) , and geminivirus (Kim and Lee, 1992) . To assess whether such a mechanism is indeed employed by AMV, further immunocytochemical and electron microscopical investigations were carried out in AMV-infected plant tissue.
RESULTS
As cell-to-cell movement of AMV is a transient process, it was essential to obtain systemically infected tissues with cells in an early and synchronized stage of infection for structural and immunocytochemical analyses of virus movement phenomena. Such tissues were obtained by differential temperature inoculation (DTI) of N. benthamiana plants with AMV. During the differential temperature treatment of plants, virus replicates in the mechanically inoculated lower leaves, which are kept at high temperature and in light. Progeny virus is transported (through the vascular system) to the young not fully developed top leaves that are kept at low temperature and in the dark, a condition that is nonpermissive for virus replication. After several days, when enough inoculum virus has moved from the lower leaves into the young top leaves, these leaves are separated from the plants and transferred to a condition which is permissive for virus replication (t ϭ 0 of systemic infection) and virus synthesis begins simultaneously in all invaded cells (Dawson and Schlegel, 1975) .
After DTI the young top leaves were separated from the plants and the percentage of infected mesophyll cells was established at 0, 12, 24, and 48 h by isolation of protoplasts and immunofluorescent detection of the CP immediately after isolation and after further incubation of the protoplasts for 16 h. The results are summarized in Table 1 and show that there is a 16-fold increase of infected mesophyll cells between 12 and 24 h post-DTI. Prolonged incubation of protoplasts for 16 h and subsequent detection of CP also revealed the number of cells which were invaded by AMV at the moment of sampling, but in which infection was not yet sufficiently established to allow immunofluorescent detection of CP. These results show that virus spread is most extensive between 12 and 24 h post-DTI.
Occasionally, in protoplasts isolated from leaves at 24 h post-DTI and incubated for an additional 16 h, fluorescent tubular structures were observed at the cell surface after treatment with antiserum against the AMV-MP (data not shown). The percentage of protoplasts showing this phenomenon varied strongly with each experiment, ranging from 0.1 to 10%.
Immunogold detection of AMV CP and MP
For electron microscopical analysis samples from leaves at 24 h post-DTI were used as it was expected that these tissues contained sufficient mesophyll cells in early stages of infection to allow convenient detection of movement phenomena. Infected foci, and in particular the border area between infected and uninfected tissue, were identified in cross-sections of AMV-infected leaves by immunogold detection of CP. In these cells CP was predominantly localized in the cytoplasm. Figure 1 schematically represents a cross-section of a DTI-infected leaf containing the border area between AMV-infected cells and uninfected cells. In most AMV-infected cells (zones b and c) CP was localized in the cytoplasm. However, a layer of approximately three to four infected cells could be identified, adjacent to uninfected cells (zone b), in which the CP was also present in plasmodesmata (Fig. 2a) . CP was never detected in plasmodesmata between uninfected cells (zone a). In sections of the same tissue the MP was exclusively localized in plasmodesmata of AMV-infected cells within this front of infection (zone b; Figs. 2b and 2c) and not in plasmodesmata of other AMV-infected cells in zone c or in uninfected cells.
Analysis of structural modifications of plasmodesmata within the infection front
In freeze-substituted tissue, it was noted that the diameter of CP-or MP-labeled plasmodesmata in cells at the front of infection (zone b) was larger than the diameter of unlabeled plasmodesmata in fully infected (zone c) or uninfected cells (zone a). Note. The infection percentage was determined by immunofluorescent detection of CP directly upon isolation of the protoplasts and after 16 h of incubation of the protoplasts in culture medium.
fected tissue at 24 h post-DTI (Fig. 4b) . Furthermore, the diameter of plasmodesmata in cells within the front of infection (zone b) and gold labeled with anti-CP or anti-MP, was measured (Fig. 4c) as well as the diameter of plasmodesmata in fully AMV-infected cells (zone c, Fig. 4d ). The measurements were done on thin sections of freeze-substituted leaf tissue and the diameter was defined as the average of two measurements taken at the widest and smallest part of the plasmodesmal structure. As no fine structural detail could be discerned within the plasmodesmata, the width of the plasmodesma was established by measuring the width of the dark stained core (as shown in Fig. 3) .
Measurements in healthy control tissue showed a normal distribution in plasmodesmal diameter between 10 to 30 nm with an average of 19.5 Ϯ 3 nm (nϭ 72) (Fig.  4a) . Similar measurements done randomly in the three zones of AMV infection showed a very different distribution in plasmodesmal diameters (Fig. 4b) . One population of plasmodesmata showed a diameter distribution similar to that of healthy tissue. However, others showed a drastic increase in their diameter. Measurement of plasmodesmata specifically within the front of infection, and identified by CP or MP gold labeling, showed a normal distribution in diameters between 15 and 50 nm with an average diameter of 36.1 Ϯ 9 (n ϭ 56) (Fig. 4c) . The diameter of unlabeled plasmodesmata present in AMV-infected cells behind this front of infection (zone c) had decreased again to an average of 21.2 Ϯ 4.8 (n ϭ 62) (Fig. 4d) .
It must be taken into account that part of the variation in plasmodesmal diameter may be due to a variety in portions of the three-dimensional plasmodesmal structure that are included in a thin section.
As no fine structural details of plasmodesmata could be discerned in thin sections of freeze-substituted AMVinfected leaf tissue, similar samples were cryofixed and cryosectioned to achieve better structural preservation. Gold labeling of CP or MP on plasmodesmata of these cryosections was, for unknown reasons, not successful. However, random measurements of the plasmodesmal diameter in uninfected and AMV-infected samples revealed similar distributions as described above (data not shown). It was noted that the diameter of plasmodesmata measured in cryosections in general was much larger than that measured in sections of freeze-substituted tissue (for plasmodesmata in healthy tissue, respectively, 33.9 Ϯ 3.8 and 19.5 Ϯ 3.1 nm). This could only be attributed to the very different preparative techniques used. In cryosections the structural detail of plasmodesmata was much improved when compared to freezesubstituted samples. Figure 5a shows two plasmodesmata from uninfected tissue with a normal size and substructure, clearly containing the plasma membrane and desmotubule. In plasmodesmata with an enlarged diameter, only present in tissue in which the AMV infection is proceeding, the desmotubule was consistently absent (Fig. 5b) . However, no other pathological modifications such as insertion of a virus-induced tubule were ever clearly discerned. 
DISCUSSION
Our results show that only in a layer of three to four cells at the front of AMV infection in N. benthamiana leaves, plasmodesmata are structurally modified and contain CP and MP. Behind this infection front in cells where AMV infection has been fully established at earlier stages, no modified plasmodesmata were observed anymore.
The modification of plasmodesmata comprises the removal of the desmotubule and an increase in diameter, from average 20 nm in uninfected or fully infected cells, to 36 nm in cells at the front of infection. Godefroy-Colburn et al. (1986 , 1990 and Stussie-Garaud et al. (1987) reported the transient presence of MP in epidermal and parenchymal cells at the front of AMV infection. The authors localized the MP predominantly to the middle lamella of the cell walls and only occasionally observed some association of MP and CP with plasmodesmata (Godefroy-Colburn et al., 1990) . In our experiments we have never found MP in the middle lamella of cell walls, but could only localize MP in plasmodesmata at the infection front. Also the CP was frequently found in plasmodesmata of the same cells. The discrepancy between these observations cannot easily be explained.
Recently, the formation of long tubules at the surface of AMV-infected protoplasts, consisting of MP and occluding AMV virions, was reported (Kasteel et al., 1997) . These results suggest that AMV employs a tubuleguided movement mechanism for intercellular translocation through plasmodesmata, comparable to that of the comoviruses (Van Lent et al., 1990a . The localization of CP and MP to plasmodesmata is consistent with such a mechanism. Furthermore, in a few protoplasts isolated from DTI-infected tissues tubule formation was observed after prolonged incubation of these protoplasts in culture medium. These cells were probably in an early stage of infection and as such in a state comparable with in vitro inoculated protoplasts (Kasteel et al., 1997) . A structure resembling a tubule within a plasmodesma and containing CP was reported by Godefroy-Colburn et al. (1990) . However, no virions were discerned inside this tubule. Despite scrutinous inspection during our study, virion-containing tubules were never observed in plasmodesmata of AMV-infected tissues. As the presence of MP in plasmodesmata is transient, occurring only in few cells at the front of infection, tubule formation may be difficult to discern. Considering the transient nature of AMV MP in cells, it is not likely that long tubules are formed as are observed in cowpea mosaic virus (CPMV)-infected cells (Van Lent et al., 1990a . In the latter Fig. 1). (g, h) Plasmodesmata located between cells in which AMV infection had been established for a longer period (zone c, Fig. 1) . Note that the diameter of the dark stained core of the plasmodesmata in c to f is enlarged compared to that of the plasmodesmata in a, b, g, and h. Bar, 25 nm. equimolar amounts of the CPMV MP and CP are synthesized throughout the infection cycle, enabling constant further assembly of tubules in plasmodesmata, resulting in long tubules eventually packed in cell wall material and sticking out into the neighboring cell ( Van der Scheer and Groenewegen, 1971) . In AMV-infected cells at the infection front, tubules may be restricted to the interior of the plasmodesma. Kasteel et al. (1997) showed that due to instability of AMV virions at pH 6.5, particles could only be visualized inside tubules in preparations stained at pH 5.5. As aldehyde fixatives used in this study had a pH 7.2, it is therefore possible that structural integrity of tubules and virions was lost during fixative infiltration.
Modification of plasmodesmata is essential for allowing assembly of a movement tubule. Like with CPMV, the desmotubule appears to be removed from plasmodesmata in AMV-infected cells that are implicated in virus movement. An increase in plasmodesmal diameter has never been noted before for CPMV or any other virus employing a similar movement mechanism, although this aspect may have been overlooked in other studies. Adaptation of the plasmodesmal diameter may also be a prerequisite for allowing assembly of an AMV movement tubule and as our study shows this adaptation is transient. How this sizing of plasmodesmata is achieved is unclear, but similar mechanisms may be involved that regulate the opening and closure of plasmodesmata in uninfected plant cells (Schulz 1995) .
MATERIALS AND METHODS

Differential temperature inoculation (DTI)
From 8-week-old N. benthamiana plants the growing tip and all leaves were removed except the two fully grown lower leaves and one small upper leaf (maximum length 3 cm). The lower leaves were inoculated with AMV strain 425 or water and then exposed to a differential temperature treatment where the inoculated leaves were kept in light at 25°C and the upper young leaf in dark at 6°C (method essentially as described by Dawson and Schlegel, 1973) . After 10 days, the young upper leaves were separated from the plant (this time point was defined as tϭ 0 h) and kept in a humid petri dish under constant light at 25°C. The percentage of AMV-infected cells in the systemically infected leaves was established at 0, 12, 24, and 48 h post-DTI by isolation of protoplasts FIG. 4ÐContinued and immunofluorescent detection of AMV-CP and -MP (Van der Pelt-Heerschap et al., 1987; .
Electron microscopy
Samples from systemically infected leaf tissues at 0, 12, 24, and 48 h post-DTI were fixed in a mixture of 2% (w/v) paraformaldehyde and 3% (w/v) glutaraldehyde in phosphate/citrate buffer (0.1 M Na 2 HPO 4 ⅐ 2H 2 O, 2.7 mM citric acid, and 1.5 mM CaCl 2 ), pH 7.2, for 24 h at 4°C. The fixed tissues were then dehydrated and embedded in LR Gold as described by Van Lent et al. (1990b) . Similar samples were subjected to freeze substitution. For this, the tissues were fixed as described above and subsequently infiltrated with 1.0 M sucrose in water for 16 h at 4°C and cryofixed in liquid propane at Ϫ160°C in a Reichert-Jung KF80 cryofixation system. The frozen specimens were substituted with 0.5% glutaraldehyde in acetone at Ϫ90°C for 48 h in a Leica AFS freeze-substitution apparatus. The temperature was raised to Ϫ20°C at a rate of 4°C/h. The acetone was substituted by ethanol for 1 h, after which the specimens were infiltrated by LR Gold and the resin was polymerized under UV light for 24 h at Ϫ20°C and 48 h at room temperature.
Alternatively, specimens were prepared for cryosectioning. Uninfected and systemically infected (24 h post-DTI) leaf tissue was aldehyde fixed and subsequently infiltrated with 2.0 M sucrose in water for 16 h at 4°C. The samples were fixed by plunging into liquid nitrogen (Ϫ196°C) and transferred to a cryo-ultramicrotome (Reichert FCS). Sections with a thickness of 110±150 nm were cut with a glass knife at Ϫ110°C and transferred in a drop of saturated sucrose solution to 150 mesh nickel grids with a formvar support film. Excess sucrose was washed out by incubation for 1 min on distilled water and the sections were negatively stained for 15 s with 2 % (w/v) ammonium molybdate, pH 5.3, blotted, and dried.
Immunogold labeling
Immunogold labeling on LR Gold or freeze-substituted resin was carried out as described by Van Lent et al. (1990b) . Cryosections were first incubated on 0.1% (w/v) glycine in PBS for 20 min and then blocked with 1% (w/v) bovine serum albumin (BSA) in PBS for 45 min. Grids were then incubated on primary antibody for 16 h at 4°C, washed on drops of 0.1% (w/v) acetylated BSA (BSAc) (Aurion, Wageningen, the Netherlands) in PBS (6 ϫ 5 min), and incubated with protein A±gold (7-or 10-nm gold particles; OD 520 ϭ 0.05) for 1 h. The grids were again washed with 0.1% (w/v) BSAc in PBS (4 ϫ 5 min) and PBS (4 ϫ 5 min) and incubated for 5 min on 1% glutaraldehyde in PBS. The sections were rinsed with water and stained with ammonium molybdate as described before.
Unless stated otherwise, all incubations were done at room temperature.
Microscopy and measurements
Sections were viewed with a Philips CM12 transmission electron microscope. Measurements of the diameter of plasmodesmata were made on line using AnalySIS Docu software (Soft-Imaging Software, GmbH). Only plasmodesmata in palisade and spongy parenchyma cells of the leaf tissue were measured. The plasmodesmal diameter was defined as the average of two mea- surements taken at the widest and narrowest part of the plasmodesmal structure.
